We recorded direct current electrograms and local [K']. at multiple sites and transmembrane potentials at selected sites during reperfusion after 5 minutes and 10 minutes of regional ischemia in isolated perfused pig hearts. After 10 minutes of ischemia, the incidence of ventricular fibrillation (VF) was 38%. 
ryanodine,20-22 and glibenclamide23). However, the mechanisms underlying reperfusion arrhythmias are incompletely understood. Extensive mapping studies have shown that spontaneous reperfusion VF can be initiated by a focal and reentrant mechanism.2-4 Reperfusion induces a reduction of action potential duration (APD) by approximately 20 msec1924 and a decrease of the refractory period.25 These factors predispose to reentry. Studies in superfused tissue subjected to simulated ischemia and reoxygenation confirm that both reentrant and focal mechanisms for arrhythmias can occur.26-29 Intracellular ionic changes during reperfusion consist of a sudden decrease of sodium30 below control values and an increase of potassium3' above control values. Depletion of potassium from the extracellular space has been described30 and can be inferred from studies in which coronary sinus potassium concentration was measured during ischemia and reperfusion. [32] [33] [34] [35] There is an increase in resting tension,30 compatible with an increase of intracellular calcium, and in the occurrence of delayed afterdepolarizations (DADs),36 which can be abolished by ryanodine. 37 VF is caused by multiple wavelet reentry. Electrophysiological inhomogeneity, causing regional differences in refractoriness, excitability, and conduction velocity, plays a major role in the initiation and continuation of this arrhythmia. This study was undertaken to correlate the occurrence of reperfusion arrhythmias after reversible ischemia to electrophysiological parameters, with emphasis on their inhomogeneity. Local extracellular potassium concentration (as an indicator of local resting membrane potential38) and a local direct current (DC) electrogram were recorded at multiple sites, and transmembrane potentials were recorded at selected sites. The experiments were performed on isolated perfused porcine hearts (to exclude influences from the autonomic nervous system) subjected to regional ischemia and reperfusion. In addition, the influence of ryanodine and an elevated potassium concentration in the reperfusate (both of which should suppress DADs) on the spontaneous ventricular premature beat (VPB) that initiates VF was studied.
Materials and Methods Surgical Preparation
Seventeen domestic pigs weighing [15] [16] [17] [18] [19] [20] kg were anesthetized by intravenous injection of sodium barbital (20 mg/kg, Sanofi, Maassluis, The Netherlands) after premedication with 200 mg azaperone (Stresnil, Janssen, Tilburg, The Netherlands) intramuscularly and 100 mg metomidate (Hypnodil, Janssen) intravenously. Respiration was artificially maintained after tracheal intubation, and a midsternal thoracotomy was performed. Heparin (1,000 units, Organon, Boxtel, The Netherlands) was administered intravenously. A modified Tyrode's solution was infused into a superficial vein. At the same time, a 1:1 blood-Tyrode's mixture was collected from the anterior caval vein. VF was induced by DC, the heart was excised, and the aorta was cannulated. The heart was connected to a Langendorff perfusion system and defibrillated by a DC countershock. The left anterior descending coronary artery was dissected free proximal to the first diagonal branch, and a ligature was passed underneath. 39 Perfusion System A double recirculatory system allowed instantaneous transition to perfusion fluids of different composition. Approximately 1 Experimental Series 1
Series la. In six hearts, four sequential alternating episodes of regional ischemia of 5 minutes (I-5) or 10 minutes (1-10) and reperfusion were performed to study inhomogeneity in [K'], and local DC electrograms. In three hearts, the first ischemic episode was I-5; in the other three, it was 1-10. The duration of reperfusion after I-5 was 20 minutes and after 1-10 was 30 minutes. An additional ischemic episode of 15 minutes followed by reperfusion could be performed at the end of the protocol (two hearts). Up to 32 K'-sensitive electrodes per heart were inserted (total, 160 electrodes).
Series lb. In one heart (29 K' electrodes), 15 minutes of ischemia was followed by reperfusion.
Series ic. In four hearts, the changes of action potential characteristics in relation to [K'], were studied during alternating periods of regional ischemia (I-5 and 1-10) and reperfusion. The epicardium was locally peeled away, and a microelectrode tip was introduced into the subepicardial tissue close to (within 2 mm) one of the nine to 16 K' electrodes. In this study group, the K' electrodes were inserted subepicardially, approximately 1 mm from the surface.
Experimental Series 2 Series 2a. In three hearts (16 K' electrodes per heart), 1-10 and reperfusion were performed in the presence of ryanodine (10-6 M, Calbiochem Corp., La Jolla, Calif.).
Series 2b. In three hearts (22-27 K' electrodes per heart), 1-10 was followed by reperfusion at approxi-
VF during ischemia or reperfusion of the heart was counteracted by perfusing the heart with a high-[K'] perfusate ([K'] of approximately 15 mM). Data collection was stopped, and the protocol was resumed after successful defibrillation. Monitoring of arrhythmias was performed later by analyzing the on-line recording of the selected electrograms. In the analysis, reperfusion episodes were included from those hearts that were free of arrhythmias in the preocclusion period. Hearts that were rejected displayed supraventricular beats intervening with the ventricular stimulated cycle. The arrhythmias were counted during the first 2 minutes of reperfusion or until VF occurred.
Results

Arrhythmias
Reperfusion after 15 minutes of ischemia (three episodes) invariably induced V"F within the first 10-15 seconds and never resulted in a return to preocclusion conditions, as judged by sustained signs of ischemia in local DC electrograms. Reperfusion VF did not occur after I-5; it occurred after 1-10 in six of 16 episodes, always within the first 2 minutes of reperfusion (see Table 1 ).
The difference in the incidence of VF between reperfusion after I-5 and 1-10 was statistically significant (p<0.05), as was the difference in the incidence of spontaneous VPBs with a short coupling interval. VF after 1-10 was always initiated by a VPB with a short coupling interval (i.e., superimposed on the preceding T wave). When 1-10 was preceded by other episodes of ischemia, the incidence of reperfusion VF decreased, in agreement with the findings of others13 (see Table 1 ). (10 minutes), and the bottom panel shows the second period of ischemia (5 minutes) in one heart. Reperfusion after I-5 (bottom panel) was characterized by a rapid return to the preocclusion configuration and return to baseline of the TQ potential of the local electrogram. In contrast, reperfusion after 1-10 (top panel) was associated with pronounced changes: a reversal of the TQ potential shortly after the onset of reperfusion, together with elevation of the ST segment, which merged into a large peaked T wave. One minute after reperfusion, a spontaneous VPB with a short coupling interval (superimposed on the large peaked T wave) initiated VF. In a later reperfusion after 1-10, no VF occurred in this heart. TQ and ST Segment Changes TQ potential. Figure 2 shows an example of the changes in the TQ segment of local electrograms recorded from the reference electrodes at two sites during three consecutive periods of ischemia and reperfusion in one heart. Electrode 1 was in the central zone, and electrode 2 was in the border zone. After the first ischemic episode, reperfusion caused TQ elevation ("overshoot"), and VF started. The overshoot was larger in the border zone than in the central zone. After 1-5, the overshoot was less than after 1-10. Figure 3 shows maps of the potential distribution during the TQ segment. After 5 minutes of ischemia, TQ depression is recorded from the ischemic tissue, and reciprocal changes occur in the normal tissue (left map). After 1-10 (middle map), TQ depression was a little less (see also Figure 2 potential distribution in Figure 3 , left and middle maps).
undershoot.
[ significantly larger after 1-10 than after I-5. In two hearts, simultaneous recordings were made from normal and reperfused tissue; APD of normal tissue did not change.
The largest recorded difference in APD%0 between normal (control) and reperfused tissue was 165 msec.
Activation Maps
As a result of the rigid protocol of data acquisition at fixed times during reperfusion, in only three of 10 cases was the onset of reperfusion VF captured. In all three, the first premature beat originated from the reperfused tissue, and activation block occurred at the margin with normal tissue. (compare with Figures 3 and 6 ) and caused reentry (right panel of Figure 8 ). A complete reentrant pattern was observed in two of three cases in which the onset of VF was captured. Figure 9 shows the electrograms from sites A-E indicated in the left panel of Figure 8 . The asterisks identify two activations of apparently "focal" origin leading to reentrant activation. Premature activation emerged from a site with TQ elevation, with a peaked T wave. Activation block occurred in tissue with a negative T wave. During VF, more negative deflections can be identified from reperfused than from normal or border tissue, confirming a shorter refractory period in the reperfused tissue than in the normal tissue.25 In all 10 cases of reperfusion VF, the intervals between local activations in reperfused tissue were shorter than those in normal tissue.
Initiation of Reperfusion VF
A potential cause for premature activation during reperfusion is triggered activity by DADs, which can be selectively suppressed by ryanodine in rat hearts.20 In three hearts, ryanodine (10`6 M) was added to the perfusate 30 minutes before the first 1-10. Ryanodine caused a 45-+7% decrease of developed tension (measured with a balloon inserted in the left ventricular cavity). Ryanodine did not affect the average increase in [K+] o in the central ischemic tissue and did not prevent reperfusion VF, which occurred in one heart, nor the occurrence of premature ventricular contractions with a short coupling interval. Also, the occurrence of reperfusion-induced TQ overshoot, K' undershoot, and peaked T waves was not different from that in untreated hearts. In three hearts, we performed reperfusion at elevated [K'] (approximately 8 mM) after preconditioning with several episodes of ischemia. High-K' reperfusion depolarizes the resting membrane and creates an outward current (counteracting DADs). In all three hearts, VF occurred between 60 and 90 seconds after reperfusion and was initiated by a VPB with a short coupling interval. K' undershoot below the perfusate [K'] was similarly present as in normally reperfused hearts. The incidence of VF was significantly higher than after reperfusion without elevated K' (compare with Table 1 ).
Discussion
We investigated the electrophysiological changes in two conditions of reperfusion1l5: one was arrhythmogenic, and the other was not. This allowed characterization of the electrophysiological "substrate" for reperfusion VF. Repeated occlusions permitted analysis of the effect of "preconditioning" on arrhythmogenesis after reperfusion.13 In addition, the initiating beat of reperfusion VF was studied.
In comparison with reperfusion after 1-5, reperfusion after 1-10 was associated with 1) a higher incidence of reperfusion VF (Table 1) (Figures 8 and 9 ). Reperfusion was more arrhythmogenic after the first 1-10 than after later episodes ("preconditioning") (Ta- msec. This is considerably larger than previously reported. The Na+-K+ pump may generate hyperpolarizing current and may cause action potential shortening. Another potential mechanism for action potential shortening is activation of the ATP-sensitive potassium channel,52 which, however, would be associated with potassium loss rather than with potassium reuptake. Glibenclamide, a blocker of the ATP-sensitive K' channel, administered before simulated ischemia did attenuate ischemia-and reperfusion-induced shortening of the action potential and prevented reentrant arrhythmias. 23 A rapid reduction of the refractory period of approximately 70 msec leading to an increased dispersion of refractoriness between normal and reperfused myocardium has been demonstrated by Naimi et al.25 Although we did not measure the refractory period in reperfused tissue, the following arguments support the notion that the refractory period in reperfused tissue becomes shorter than in normal tissue: 1) During VF, the frequency of depolarizations in reperfused tissue is larger than in the normal zone ( Figure 9 ). 2) The first ectopic beat, with a short coupling interval, occurs in reperfused tissue and is blocked at the interface with the normal zone (Figures 8 and 9 ). In a previous study, we have shown that in ischemia electrotonic currents exert a depolarizing effect on normal tissue adjacent to the border and increase excitability.39 A diastolic potential gradient of approximately 10 mV across the border caused a 20% reduction of the diastolic stimulation threshold. During reperfusion, a diastolic potential gradient of about the same magnitude exists, but it is in the opposite direction. Indeed, reperfusion causes accelerated idioventricular rhythms,6'7'57 which were also observed in this study (Table 1) .
However, it is not likely that automaticity contributed to the onset of VF in our experiments, since it can be expected to produce VPBs with long coupling intervals.54 Therefore, the mechanism of the VPBs with a short coupling interval is reentry or triggered activity. Early afterdepolarizations have been described during reperfusion after 1-10 in cat hearts during in situ recording of monophasic action potentials.58 However, early afterdepolarizations are provoked by action potential prolongation, whereas reperfusion causes a decrease of APD in our model. Information on the possible contribution of DADs to the initiation of reperfusion VF was obtained by application of ryanodine. We selected a concentration (10-6 M) that reduced contractility to the same degree as in rat hearts, in which it was also highly effective against reperfusion VF.20 Despite obvious activity of the drug on the sarcoplasmic reticulum, it did not prevent the occurrence of VPBs with a short coupling interval nor VF in our model. The substrate for VF (peaked T waves, TQ overshoot, K' undershoot) was still present. In addition, reperfusion VF was initiated by a VPB with a short coupling interval, whereas DADs can be expected to produce premature beats with a long coupling interval. Reperfusion with elevated K' after preconditioning with multiple episodes of ischemia significantly increased the incidence of VF. These findings are suggestive for reentry. Transmural reentry has been considered to be the primary mechanism for reperfusion arrhythmias in other models as well. 59 The efficacy of ryanodine in the prevention of reperfusion VF in the rat heart and not in our study suggests that the mechanism of induction is species dependent. Although our data argue against early afterdepolarizations as a mechanism of the initiating beat of reperfusion VF, they do not directly exclude this possibility.
Experimental evidence has suggested that large regional differences of APD over a short distance may induce premature beats by "systolic" flow of electrotonic current from the site with the long action potential toward the site with the short action potential.60 However, electrotonic interaction across well-coupled cells with different APDs will prolong the shorter and abbreviate the longer action potentials, so that no abrupt potential gradient will occur and the potentially excitatory current during repolarization will be attenuated.61 Therefore, electrotonic interaction during the repolarization phase is an unlikely mechanism for premature activation with a short coupling interval.
